Previous studies indicate that nitric oxide (NO) can serve as a regulator/disrupter of metal-metabolizing systems in cells and, indeed, this function may represent an important physiological and/or pathophysiological role for NO. In order to address possible mechanisms of this aspect of NO biology, the effect of NO on copper metabolism and toxicity in the yeast Saccharomyces cerevisiae was examined. Exposure of S. cerevisiae to NO resulted in an alteration of the activity of the copper-responsive transcription factor Ace1. Low concentrations of the NO donor DEA/NO were found to slightly enhance copper-mediated activation of Ace1. Since Ace1 regulates the expression of genes responsible for the protection of S. cerevisiae from metal toxicity, the effect of NO on the toxicity of copper toward S. cerevisiae was also examined. Interestingly, low concentrations of NO were also found to protect S. cerevisiae against the toxicity of copper. The effect of NO at high concentrations was, however, opposite. High concentrations of DEA/NO inhibited copper-mediated Ace1 activity. Correspondingly, high concentrations of DEA/NO (1 mM) dramatically enhanced copper toxicity. An intermediate concentration of DEA/NO (0.5 mM) exhibited a dual effect, enhancing toxicity at lower copper concentrations (<0.5 mM) and protecting at higher (>0.5 mM) copper concentrations. Thus, it is proposed that the ability of NO to both protect against (at low concentrations) and enhance (at high concentration) copper toxicity in S. cerevisiae is, at least partially, a result of its effect on Ace1. The results of this study have implications for the role of NO as a mediator of metal metabolism.
Nitric oxide (NO)
2 is an endogenously generated species synthesized by a variety of cells. It has both physiological and pathophysiological roles (for a review, see 1). For example, NO generated at low levels by endothelial cells is an important regulator of vascular tone. Nitric oxide generated at high levels in an immune response is an important pathophysiological agent with cytotoxic/cytostatic actions against invading pathogens and tumor cells. Thus, there exists a spectrum of activity associated with NO which is a function of not only the site of its generation but also its levels. Some of the earliest studies regarding the biological effects of NO indicated that it is capable of altering metal homeostasis. High levels of NO were found to affect the iron status of cells (for example, 2), possibly by disruption of iron-sulfur (Fe-S) cluster proteins. Since then, others have described the ability of NO, and NO-derived species, to react with the Fe-S containing iron-response protein, altering its activity (for example, [3] [4] [5] [6] . Alteration of gene expression has also been proposed to occur via NO-mediated destruction of the zinc-thiol bonds in Zn-dependent DNA-binding proteins (7, 8) , and the zinc-containing DNA repair enzyme Fpg is inhibited by NO both in vitro and in vivo (9) . Finally, demetalation of the thiol-rich, metal-sequestering protein metallothionein by an NO-mediated process could lead to cellular toxicity associated with the released metal (8, 10) . Based on these previous reports, it appears that proteins which ligate metals via thiol coordination may be particularly susceptible to reaction with NO and/or NO-derived species.
It is well established that much of the unique biology of NO is a result of its chemical interaction with thiolcontaining peptides and proteins (for example, 11, 12) . Considering the role of thiols in protein-metal binding, it is likely that NO disruption of the actions of metalbinding proteins via thiol modification may represent an important event in the pathophysiological actions (and possibly the normal physiological actions) of NO. An attractive way to address the idea that NO (and/or NO-derived species) can alter the actions of thiol-containing metal-binding proteins is to examine the effects of NO on the yeast transcription factor Ace1. Ace1 is a copper-responsive yeast transcription factor responsible for binding and transactivation of the CUP1 gene promoter (for example, 13). The CUP1 gene encodes for a protein (Cup1 or yeast metallothionein) which is functionally similar and bears some resemblance to the mammalian metallothioneins (14 -16) . It has also been found that the Ace1 controls the copper-mediated expression of the antioxidant enzyme copper-zinc superoxide dismutase (Sod1) (17) as well as another metallothionein-like protein, Crs5 (18) .
Resistance to copper toxicity in yeast is mediated by the CUP1 locus (19, 20) , indicating that yeast metallothionein may play a major role in the detoxification of copper. Thus, copper-mediated activation of Ace1 leads to an increased expression of several major copperbinding proteins and to an increased level of protection against copper and reactive oxygen species. Yeast metallothionein binds copper in a trigonally coordinated geometry with cysteine thiolates similar to that seen in mammalian metallothioneins (21) .
The copper-binding motif in Ace1 is similar to that found for the metallothioneins (22, 23) . That is, copper binding in Ace1 occurs through ligation via protein thiols. Since it has been reported previously that NO can disrupt the metal-binding capability of metallothionein, it may be expected that NO may disrupt the actions of Ace1 in a similar manner. Furthermore, disruption of Ace1 metal binding by NO would be expected to dramatically alter the resistance of yeast toward copper toxicity. Therefore, studies are described herein which specifically examine the interaction of NO with Ace1 in Saccharomyces cerevisiae. The toxicological manifestation of the effects of NO on Ace1 is also examined by investigating the effects of NO on copper toxicity toward S. cerevisiae.
EXPERIMENTAL PROCEDURES
Chemicals and solutions. Diethylammonium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) was synthesized by the method of Drago and Paulik (24) . Stock solutions of DEA/NO were prepared in double-distilled water (DDW) immediately prior to use. Diphenylthiocarbazone and o-nitrophenyl ␤-D-galactopyranoside (ONPG) were purchased from Sigma (St. Louis, MO) and bathocuproine disulfonic acid was purchased from Aldrich (Milwaukee, WI). All other chemicals and solutions were purchased from commercial suppliers and were of the highest purity available.
Yeast strains/mutants. Viability studies. Yeast cells from an overnight culture were inoculated at an OD 600 ϭ 0.1 and grown to late-log phase (OD 600 ϭ 3.0 -3.5) at 30°C in synthetic dextrose medium (SDC) (26) . Cell suspension was divided into 1-mL aliquots and exposed to CuSO 4 (0 -1 mM) and/or DEA/NO (0 -1 mM) for 4 h at 30°C in a shaking water bath. After the 4-h exposure, the cell suspension was diluted 1:1000 in water and 10 L was plated on nutrient-rich (YPD) plates (26) . Viability was assessed by counting the colonies formed relative to control.
Yeast transformations. Yeast transformations were performed according to the general method of Elble (27) . Transformation of EG217 with YEpCUP-HSE-M-LacZ and YEpACE1 resulted in 217CUP and 217ACE, respectively.
Nitric oxide inhibition of Ace1 transcriptional activity. Following the method of Holmquist (28) , SD medium with uracil omitted (SDura) was extracted with diphenylthiocarbazone, resulting in SD-uraCu. 217CUP yeast cells were inoculated in SD-ura-Cu containing 0.1 mM bathocuproine disulfonic acid (BCS) (Aldrich) at an OD 600 ϭ 0.1 and grown to OD 600 ϭ 3-4 at 30°C. To induce CUP1 promoter-linked ␤-galactosidase activity, cells were washed twice with DDW and resuspended in 10 mL of SD-ura containing 0 -250 M CuSO 4 . After incubation at 30°C for 0 -120 min in a shaking water bath, induction was stopped by placing on ice. Cells were then pelleted by centrifugation for 5 min at 850g. The pellet was washed once with DDW, followed by centrifugation and then frozen in liquid nitrogen and stored at Ϫ80°C until use. To test the effect of NO on the induction of ␤-galactosidase activity, the above-described procedure was carried out identically except in the presence of 0 -1 mM of the NO donor DEA/NO and at a fixed copper sulfate concentration of 0.1 mM. DEA/NO was added to the samples at the same time as copper sulfate addition. Control experiments were run in parallel with distilled deionized water addition instead of CuSO 4 or DEANO.
␤-Galactosidase activity was determined by the method of Thorvaldsen et al. (29) . Briefly, the yeast pellet was defrosted on ice and 2-4 volumes of Z buffer (50 mM NaP i , pH 7.0, containing 10 mM KCl, 1 mM MgSO 4 , and 50 mM 2-mercaptoethanol). The cell suspension was vortexed for 30 s six times in 1 volume of glass beads (0.5-mm diameter) and then centrifuged for 5 min at 15,000g. The cell extract (5-10 g of protein) was incubated with 1 mL of Z buffer containing 0.63 mg/mL of ONPG at 30°C for 5 min. The reaction was stopped by adding 0.3 mL of 1 M Na 2 CO 3 and absorbance was measured at 420 nm. Protein concentration was determined by the method of Bradford (30), using BSA as the standard. ␤-Galactosidase activity was calculated based on units defined as (Abs 420 )(1000)/ minute/milligram of protein.
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RESULTS
Effect of NO on Ace1 activity. Previous work by others indicates that metal-binding proteins, such as metallothionein, which utilize sulfur as a metal coordinating ligand may be susceptible to modification by NO (10) . Since the metal-responsive yeast transcription factor Ace1 has homology to metallothionein, it is conceivable that Ace1 activity can be altered by exposure to NO.
The idea that NO can alter the copper-mediated activation of Ace1 was examined utilizing a CUP1-␤-galactosidase (lacZ) gene fusion plasmid. Thus, this reporter gene plasmid was transformed into the EG217 yeast strain and its utility as a measure of coppermediated Ace1 activation of ␤-galactosidase expression examined. ␤-Galactosidase activity was found to increase as the time of exposure to 0.1 mM copper sulfate increased (Fig. 1A) . ␤-Galactosidase activity was also found to increase in the transformed yeast with increasing concentration of copper sulfate after a 60-min exposure, with maximum expression observed with 250 M copper sulfate (Fig. 1B) . These results are consistent with the known ability of copper to bind/ activate Ace1, leading to transactivation of ␤-galactosidase expression in the reporter plasmid via CUP1 promoter binding. The effect of NO on copper-mediated Ace1 activation was examined using the diazeniumdiolate NO donor diethylammonium 1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate (DEA/NO). Thus, yeast cells (grown to late-log phase, OD 600 ϭ 3-4) were exposed simultaneously to 0.1 mM copper sulfate and varying levels of DEA/NO for 1 h. Low concentrations of DEA/NO (0.1 mM) resulted in a small (8 -10%), but reproducible, increase in copper-mediated Ace1 activity ( Fig. 2A) . However, increasing concentrations of DEA/NO (0.2-1 mM) resulted in a decrease in coppermediated Ace1 activation. An approximate 75 and 90% decrease in copper-mediated Ace1 activation was observed at 0.5 and 1 mM DEA/NO exposure, respectively. Nearly identical results were also found with two other diazeniumdiolate NO donors, 298 ium-1,2-diolate] (PAPA/NO). That is, low (0.1 mM) concentrations of these donors resulted in a small, but significant, increase in copper-mediated Ace1 activation while increased concentrations resulted in a decrease in copper-mediated Ace1 activation (data not shown). Simultaneous addition of 1 mM DEA/NO and 0.1 mM copper sulfate followed by a 10-to 120-min incubation showed that the inhibition of copper-mediated Ace1 activation was essentially irreversible for the 2-h exposure (Fig. 2B) . The half-life of DEA/NO under the conditions of these experiments was approximately 4 -8 min, indicating that the NO generated from DEA/NO was likely to be completely dissipated after 120 min. Analysis of experimental solutions of 1 mM DEA/NO after 1 h showed no detectable (Ͻ0.1 M) NO (data not shown). Thus, the inhibition of coppermediated Ace1 activation by NO appears to last far beyond the solution lifetime of NO. Interestingly, previous work indicates that the ability of NO to inhibit copper-dependent Ace1 activation does not require the simultaneous presence of NO and copper since pretreatment of yeast with DEA/NO prior to treatment with copper gives the same effect (31) .
Effect of NO on yeast susceptibility to copper toxicity. The above results indicate that NO is able to quickly and irreversibly inhibit the activation of Ace1 by copper. Moreover, this inhibition appears to be independent of the presence of NO after the initial exposure. Of significance is the small, but reproducible, ability of low levels of NO to increase copper-mediated activation of Ace1. Since Ace1 activity is vital to yeast resistance against the toxicity of copper, the above results would predict that NO exposure may modify yeast susceptibility to copper toxicity. Therefore, the effect of NO on yeast copper toxicity was examined.
In order to investigate whether the effect of NO on Ace1 activation is manifested in a change in yeast susceptibility toward copper toxicity, yeast cells were exposed simultaneously to 0, 0.1, 0.5, and 1 mM DEA/NO and 0, 0.01, 0.05, 0.1, 0.5, and 1 mM copper sulfate for 4 h. Following the 4-h exposure period, cells were replated on YPD plates and colony formation used as a measure of cell viability. As shown in Fig. 3A , a low concentration of DEA/NO (0.1 mM) protects yeast from copper toxicity. However, a higher concentration of DEA/NO (1 mM) increases the susceptibility of the yeast to copper toxicity at concentrations of copper as low as 0.01 mM. An intermediate concentration of DEA/NO (0.5 mM) exhibits a slight increase in yeast susceptibility to low levels of copper but protection at high copper levels. Further investigation of the protective effect of NO at low concentrations indicates that 0.1 mM DEA/NO represents the optimum concentration for protection (at least among the DEA/NO concentrations examined) since 0.05 and 0.01 mM DEA/NO exhibited less protection (Fig. 3B) . Furthermore, the degree of protection against copper toxicity by 0.1 mM DEA/NO increased with increasing levels of copper exposure. That is, 0.1 mM DEA/NO protected against 0.1 mM copper by about 15-20% whereas over 200% protection was observed at 1 mM copper (versus controls with no DEA/NO present).
The observed bilateral concentration-dependent effect of NO on copper toxicity toward yeast is similar to that observed previously with DEA/NO on Ace1 activ- 
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ity. That is, as hypothesized above, the effect of NO on the copper-mediated activation of Ace1 is mirrored by the effect of NO on yeast susceptibility toward copper toxicity. Consistent with the modest protection by 0.1 mM DEA/NO against low (0.1 mM) copper, a slight increase in Ace1 activity was also observed under similar conditions (0.1 mM DEA/NO and 0.1 mM copper, Fig. 2B ). However, the ability of low 0.1 mM DEA/NO to protect yeast from copper toxicity was significantly more pronounced at high (1 mM) copper. Thus, in order to further examine the apparent parallel between the effect of NO on copper-mediated Ace1 activity and susceptibility to copper toxicity, the effect of 0.1 mM DEA/NO on Ace1 activity in the presence of high (1 mM) copper was determined. It was found that copperdependent Ace1 activity was greatly enhanced in the presence of 0.1 mM DEA/NO at 1 mM copper. The similarity between the effects of NO on Ace1 activity and yeast viability in response to copper is shown in Table I . Thus, both the effect of NO on copper-dependent Ace1 activation and that on the resistance to copper toxicity are highly correlative; both are slightly enhanced at low NO (0.1 mM DEA/NO) and low copper (0.1 mM copper sulfate), both are dramatically enhanced at low NO (0.1 mM) and high copper (1 mM copper sulfate), and finally, both are inhibited by high NO (Ͼ0.5 mM DEA/NO) at any copper concentration (0.1-1 mM copper sulfate).
If indeed the effect of NO on copper-mediated Ace1 activation were primarily responsible for the effects of NO on yeast copper sensitivity, it would be expected that ace1⌬ mutants would not exhibit a dramatic NOdependent increase in susceptibility toward copper toxicity at high NO levels and no increase in resistance at low NO levels. Thus, ace1⌬ mutants were exposed simultaneously to 0, 0.1, and 1 mM DEA/NO along with 0 -1 mM copper sulfate for 4 h. Viability was assayed, as before, by counting colonies formed after replating the exposed cultures onto YPD plates.
Yeast ace1⌬ mutants exhibited the expected increase in susceptibility toward copper toxicity (Fig. 4A) . Similar to wild-type yeast, exposure of ace1⌬ mutants to 1 mM DEA/NO also exhibited an increase in susceptibility to copper toxicity. However, unlike the effect exhibited by wild-type yeast, low levels of NO did not protect against copper toxicity in the ace1⌬ mutants. Finally, in yeast mutants overexpressing ACE1, the ability of NO to enhance copper toxicity was significantly blunted (compare Figs. 3A and 4B) . 
DISCUSSION
There exists a close correlation between the actions of NO on the copper-dependent activation of the yeast transcription factor Ace1 and the effect of NO on the susceptibility to copper toxicity in S. cerevisiae since (1) NO at high concentrations inhibits copper-dependent Ace1 activation (Fig. 2) and enhances copper toxicity (Fig. 3) , (2) NO at low concentrations enhances copperdependent Ace1 activation (Fig. 2) and increases the resistance of yeast to copper toxicity (Fig. 3), (3) unlike wild-type yeast, ace1⌬ mutants exhibit no protection from copper toxicity at low NO levels (Fig. 4A) , and (4) ACE1-overexpressing mutants are less susceptible to the enhancement of copper toxicity by NO (Fig. 4B) . The close correlation between Ace1 activity and copper toxicity is not unreasonable since the CUP1 locus (the Ace1 binding site) is known to be responsible for copper resistance in yeast (19, 20) . Thus, high levels of NO inhibit copper-dependent Ace1 activation, which would result in a decreased copper-dependent expression of yeast metallothioneins and Sod1. Presumably, the NOmediated loss or decrease of expression of these stressprotective proteins leads to an increased susceptibility to copper toxicity. To be sure, the inhibition of Ace1 activity by high-level exposure is not likely to be the only mechanism by which NO can increase the toxicity of copper. This is evidenced by the observation that yeast mutants delete in ACE1 still exhibit a slight increase in susceptibility to copper toxicity in the presence of NO (Fig. 4A) . However, it is clear that NO inhibition of Ace1 is a major, though not exclusive, mechanism by which NO increases yeast susceptibility to copper toxicity.
The mechanism by which NO inhibits copper-dependent Ace1 activation is unclear. However, due to the similarity in metal binding of Ace1 and metallothioneins, the interaction of NO with metallothionein should provide mechanistic clues into the nature of the NO-Ace1 interaction. Previous studies of the chemistry of NO with metallothionein indicate that metal loss via thiol modification occurs (8, 10) . By analogy, it is likely that NO-mediated thiol ligand oxidation or modification (possibly via nitrosothiol formation) causes metal release and/or renders Ace1 incapable of copper binding, therefore precluding binding to the CUP1 promoter. For example, oxidation of NO by O 2 generates N 2 O 3 , which is capable of nitrosating thiols (reactions [1] - [3] ).
Furthermore, it is well established that metal-binding proteins such as metallothionein and Ace1 are highly susceptible to proteolytic degradation when demetalated (for example, 16, [32] [33] [34] [35] . Thus, NO-mediated demetalation of Ace1 may cause it to be degraded proteolytically, therefore not allowing the cell to transcriptionally respond to copper stress. Alternatively, the metal-binding thiols of Ace1 may be converted to oxidized species by NO (or NO-derived species) which cannot be physiologically reduced back to the active thiols. For example, reaction of thiols with HNO, the one-electron reduction product of NO, results in the formation of the stable sulfinamide species (36) . It was also found that low levels of NO (represented by 0.1 mM DEA/NO) slightly increase the copper-dependent activation of Ace1 and exhibit dramatic protection against copper toxicity. The increased resistance to copper toxicity exhibited by low levels of NO is particularly evident at the most toxic levels of copper (Fig. 3B) . The inability of low-level NO to offer protection from copper toxicity in the Ace1-delete yeast mutant (Fig. 4A ) further supports the idea that Ace1 activity is vital to protection from copper and that the effect of NO on yeast susceptibility to copper toxicity is intimately linked with its actions on Ace1. Currently, there is no obvious biochemical, physiological, or chemical precedence to serve as a reasonable rationale for the phenomena observed at low NO levels, but several hypotheses may be advanced. One possibility is that low NO levels elicit the release of copper from a site more labile than the copper binding site of Ace1. For example, copper stored in Cup1 or vacuolar copper may be released by NO levels not capable of inactivating Ace1. This would lead to an activation of Ace1, increased expression of Sod1 and metallothionein, and, therefore, a protection against copper toxicity. However, considering the known similarity between Ace1 and Cup1, this may not be likely (although vacuolar copper may still be a pool of copper with particular sensitivity to release by NO). It is more likely that NO may be protecting cells from high copper exposure by inhibiting the uptake of copper into the cell. For example, NO may inhibit the actions of the copper-responsive transcription factor Mac1 (37, 38) , which would lead to a decrease in expression of the high-affinity copper uptake transporter Ctr1 (39) . This would preclude high-affinity copper uptake and, therefore, protect the yeast from exposure to high levels of copper. Since only cuprous ion is a substrate for the highaffinity uptake transporter Ctr1, yeast contain a membrane-bound reductase, Fre1, for reducing extracellular cupric ion to transportable cuprous ion (40) . Thus, inhibition of Fre1 would also be expected to provide some protection from copper toxicity by inhibiting high-affinity copper uptake. In partial support of the idea that low levels of NO protect cells from copper-301 mediated toxicity by inhibiting copper uptake, we have observed that low levels of NO dramatically inhibit Fre1 activity (unpublished results).
The ability of NO to regulate and/or alter metal metabolism may represent a vital function in its normal physiology and pathophysiology. For example, high-level NO exposure may render cells susceptible to metal stress by blocking the expression of otherwise protective proteins such as metallothionein or Sod1. Interestingly, it has been reported that increased levels of metallothionein in rat hepatocytes protect them from NO toxicity (41) .
The concentration ranges of DEA/NO utilized in this study should generate NO concentrations which are physiologically accessible. Concentrations of NO which may act pathophysiologically, such as in the vicinity of activated macrophages, have been reported to be in the low-micromolar range (i.e., 10 M) (for example, 42). The "high-level" DEA/NO concentration (1 mM) used herein has been reported to transiently generate similar (10 -30 M) levels of NO (43) . The low-level DEA/NO exposure (0.1 mM) utilized in this study should generate transient low maximum concentrations of NO (1-2 M) (44) and represent normal physiological concentration ranges, which have been reported to be in the range of 1 M maximum concentrations (i.e., at the surface of endothelial cells) (45) . Thus, the effects observed at the high levels of DEA/NO may represent a mechanism by which NO can be cytotoxic in conjunction with other toxic species such as copper, whereas the effects of low-level DEA/NO exposure indicate that NO can also serve as a regulator of metal metabolism under normal physiological conditions. These studies on the effect of NO on Ace1 and copper toxicity were initiated as a result of the great degree of understanding of the role of Ace1 in yeast metal metabolism and copper toxicity. That is, the yeast-Ace1 system represents a mechanistically defined and biologically relevant model for the examination of NOthiol-metal interactions. However, the results herein may have relevance beyond simple yeast-NO interactions. It is becoming increasingly evident that significant homology between metal metabolism in yeast and mammalian cells exists. In fact, S. cerevisiae serves as a reasonable template for the discovery of analogous mammalian cell processes. Compared to mammalian systems, the copper regulatory system in S. cerevisiae is clearly defined and surprisingly well conserved. Human homologues to many of the proteins involved in copper regulation in yeast have been identified, including two plasma membrane transporters (yeast Ctr1/ human CTR1 and yeast Ccc2/human Wilson disease protein) and three cytosolic chaperone proteins (yeast Atx1/human HAH1, yeast Lys7/human CCS, and yeast Cox17/human COX17) (for a review, see 46) . In addition, iron transport and copper transport are intimately linked in both humans and yeast (for review, see 47, 48) , as seen in the homology between yeast Fet3 and human ceruloplasmin, both multicopper ferroxidases involved in the transport of iron (49 -51) . Thus, the use of S. cerevisiae to study the effects of NO on metal metabolism may have implications to mammalian systems. To be sure, there has not yet been identified a human homologue for Ace1 and it remains to be seen whether NO can behave similarly toward metalthiol complexes in mammalian cells. However, the use of thiols to bind, transport/chaperone, and sequester copper is well established in both yeast and mammalian systems (i.e., yeast and human CTR1, Ccc2 and Wilson's disease protein, Lys7 and CCS, yeast and human COX17), indicating potential physiological and pathophysiological roles for NO in various aspects of copper metabolism. Moreover, our results regarding the effects of NO on the copper regulatory system of yeast have implications to the metabolism of other metals as well. Since iron metabolism is intimately linked to copper metabolism, the effect of NO on copper-binding proteins can potentially have a significant influence on the iron transport/sequestration/utilization. Also, the interaction of NO with mammalian metallothioneins has implications to zinc and copper metabolism since it has been speculated that mammalian metallothioneins are involved in the metabolism of the two metals. Regardless, the utility of the yeast model system to examine basic NO physiology/pathophysiology is clear and it is likely that the effect on metal metabolism, possibly via NO-protein thiol interactions, will be an important and fundamental aspect of NO biology.
